The ion implantation is a powerful scientific and technological tool in material research. Multiple ion beam facilities have been used to simulate the irradiation effects of neutrons on relevant nuclear materials over 30 years. By the use of transmission electron microscope (TEM) link facility, the microstructure evolvement in material can be in-situ studied during the irradiation and following annealing processes. In this paper, a triple beam in-situ facility, composed of a 400 kV heavy ion implanter, a 50 kV hydrogenhelium coaxial ion implanter and a 300 kV electron microscope, will be presented. This facility will also be the first in-situ facility with the capacity of delivering the triple ion beam including hydrogen, helium and heavy ion beam to the specimen in TEM simultaneously. The angle between the two beam lines and microscope axis is 30°, respectively.
Introduction
With the development of reactor technology, the researches on the effect of material irradiation are becoming more and more interesting and expanding. The maximum displacement per atom (dpa) of ³1 for first-generation fission reactors is now only a small fraction of the anticipated damage that will be encountered in advanced nuclear energy systems including fission, fusion and nuclear waste environment. To reach maximum burn up, fuel-cladding alloys must endure doses significantly greater than 100 dpa. For most fast reactor applications, 200250 dpa is required.
1) The traditional way to study the irradiation effect is irradiate candidate nuclear reactor material in nuclear reactor. Unfortunately, such an approach must take months or years to reach desired dose, and also the samples are radioactive when removed from the neutron source and need to cool for months before experiment can be carried out. In addition, sample space in neutron source is quite precious and can be difficult to obtained. In contrast, ion irradiation which is developed over 30 years 2) has the advantage of high displacement with little to no activation. The experiments can be carried out very efficiently and sample can be characterized in situ or immediately after irradiation. There are dozens of existing accelerators worldwide listed in Ref.
3), such as TIARA, 4) JANUNS triple ion-bean facility, 5) and so on. Especially, accelerator and transmission electron microscope (TEM) link facility allow in-situ observation of micro-structural and micro-chemical evolution of irradiated materials under high displacement damage rates. Data from such facilities can reveal details of dynamic processes associated with point defect migration and agglomeration on the nano-scale, critically important for the development and validation of advanced dynamic equations that accurately describe the process of radiation damage and for design-based development of radiation-resistant materials. Tanaka 6) verified that the synergistic effects of iron ion-irradiation along with simultaneous He and H implantation results are significantly greater swelling than corresponding dual-beam experiments of iron with either He or H implantation. So the triple beam facility instead of mono-beam or dual-beam facility is necessary to simulate the neutron irradiation. However, due to the limitation of both space and electro-magnetic field of the TEM pole-piece, it is very difficult to link three ion beam lines to a TEM. It is highly desirable to have a triple ion beams (hydrogen, helium and a beam of heavy ions that provides the majority of displacement damage) to bombard the target simultaneously for more accurate simulation of neutron irradiation effects. In this paper, the design of a triple ion beam accelerator and TEM link facility will be presented in detail.
The Multiple Beam Facility at Xiamen University
A multiple beam in-situ facility has been proposed at Xiamen University in China aiming to develop the advanced nuclear materials. The multiple beam facility shown in Fig. 1 is constituted of a 3 MV Tandem, a 400 kV heavy ion implanter from National Electrostatics Corporation (NEC), a low energy hydrogenhelium coaxial ion implanter, and a commercial 300 kV TEM which will be purchased from FEI or JEOL company. Mono-, dual-or triple-beam irradiation experiment will be carried out in-situ or ex-situ on this facility.
The triple ion beam facility coupled with TEM within the red dotted line shown in Fig. 1 is progressing as the first stage of this project and will be completed by the end of 2015 as scheduled. The order of the 400 kV ion implanter is completed and this ion implanter will be transported on site in May of 2014. The 400 kV ion implanter with Danfysik model 921 ion source will provide ions from proton to atomic mass of 140 with the energies of 10 to 400 keV. The design and manufacture of the hydrogenhelium coaxial ion implanter and the components linking the 400 kV heavy ion implanter to the TEM are carrying out by China Institute of Atomic Energy (CIAE). The angle between the ion beams and electron beam of TEM will be 30°respectively, while the angle between the two implanters will be of the order of 60°. The parameters related to the two accelerators of this facility are summarized in Table 1 .
The HydrogenHelium Coaxial Ion Implanter
Due to the limitation of both space and electro-magnetic field of the TEM pole-piece, it is very difficult to link three ion beams simultaneously to a TEM. A hydrogenhelium coaxial ion implanter is designed in this in-situ facility to study the synergistic effects of three types of ion beam (hydrogen, helium and heavy ion) bombard on the sample simultaneous in the TEM. The hydrogen molecular ion (H þ 2 ) instead of proton is selected for this implanter to fulfill the requirement of the same projectile range of helium ion and hydrogen ion. The helium ion and hydrogen ion will be generated by a penning ion source through the inlet of mixture gas of hydrogen and helium, and the ratio of hydrogen and helium ion beam can be controlled by two gas mass flow meters. The layout of the hydrogenhelium coaxial ion implanter is shown in Fig. 2 .
The ion purity of the implanter is crucial for the experiment of material irradiation. However, ordinary magnetic analysis is not suitable for this implanter as two ion beams will be transported in a same beam line. And also it is difficult to eliminate the impurity ion such as nitrogen ion, oxygen ion from ion source because of the residual gas existence in ion source. A symmetrical achromatic system including two dipoles and an einzel lens is designed for the coaxial transport of H þ 2 and He þ beams. The beams with different mass from ion source will be separated by the first dipole and H þ 2 and He þ beam will be selected by a dual-slit plate, then H þ 2 and He þ beams are transported into an einzel lens and focused into the second dipole. The two separated ion beams are converged into an ion beam at the exit of the second dipole. An einzel lens is placed followed the ion source focusing the beam at the slit to improve the mass resolution. The envelope of hydrogenhelium coaxial ion implanter is simulated with TRANSPORT code 7) and shown in Fig. 3 , with the assumption of initial emittance is 2 mm © Additionally, two turbo pumps will be served on the beam line to pump this system better than 1 © 10 ¹3 Pa. The implanter and TEM will be connected by a bellow to prevent the resolution reducing of TEM affected by the vibration of implanter. Moreover, three beam profile monitors will be set along the beam line to measure the current and monitor the beam size.
Conclusion
The design of the triple beam facility including a 400 kV heavy ion implanter and a low energy hydrogenhelium coaxial ion implanter coupled with TEM is presented. This combination allows experiments involving simultaneous ion irradiation/ion implantation, electron irradiation and electron microscopy to be performed. This facility will also be the first in-situ facility with the capacity of triple ion beams including hydrogen, helium and heavy ion beam bombard on target simultaneously.
